Southern analysis of the Adh region of 2 12 Drosophila melanogaster lines collected from the Tahbilk winery revealed linkage disequilibrium between a 37-bp insertion [designated V2 by Kreitman ( 1983) ] and the fast electrophoretic variant of alcohol dehydrogenase ( ADH-F) . Among these lines 34% contained the insert and encoded ADH-F, 33.5% encoded ADH-F and did not have the insert, and 32.5% encoded the slow electrophoretic variant of alcohol dehydrogenase ( ADH-S ) . Strong linkage association between this insert and ADH-F is evident worldwide. Twenty-nine of the second chromosome lines were characterized for ADH protein quantity by using radial immunodiffusion.
Introduction
In contemporary populations a large amount of allelic variation at enzyme loci occurs at both the protein and DNA level (Lewontin and Hubby 1966; Cooke and Oakeshott 1989) . Although most nucleotide polymorphism in and around enzyme genes is likely to be effectively neutral, analysis of particular polymorphic sites may identify variants that modify enzyme expression and that thus could be targets for selection (Aquadro et al. 1986 ).
Molecular genetic variation in the alcohol dehydrogenase ( ADH) gene (A&) of Previously inbred isofemale lines derived from the Chateau Tahbilk winery ( McKechnie and Geer 1986) were made isogenic for chromosome 2 while being substituted onto a common genetic background for chromosomes 1 and 3. This derivation was by the Craymer ( 1984) method using the balancer stock; SM6a/ In( 2LR)bw"' , dp b pr;TM6B, h D3 e/In( 3R)Mo, Sb sr. This stock was crossed with isogenic 0D3 females (a Tahbilk line) to produce heterozygous lines for the balancers with the 0D3 chromosomes. Those F, males with SM6a (Cy) and Sb were backcrossed to 0D3, giving F2 females balanced only for the second chromosome (SM6a), which were held for inclusion in an F3 cross. F, males with bwV' and TM6B were backcrossed to OD3, giving bw , "' *TM6B F2 females. These were crossed to a male from each Tahbilk line donating a second chromosome. Single F3 males (bw"' ; TM6B) from this cross were mated to F2 females (above). Sib mating of F4 SM6a; TM6B males and females gave F5 isogenic second-chromosome males and females substituted onto an 0D3 background. These were used for the detection of the insert and for expression tests. Adh protein genotype was determined by Cellogel electrophoresis (Schmitt et al. 1986) .
A second set of 176 second-chromosome strains were derived by crossing a single Tahbilk male (collected from the cellar in 1986-88 ) to a virgin female of extractor stock: Df( 2L) 64J/CyO (Woodruff and Ashbumer 1979) . A single normal winged F, male was crossed to a Df(2L) 64J/CyO female. Sib crossing of F2 progeny with wild-type wings produced Tahbilk second chromosomes against the deficiency Df( 2L) 645 which contains no Adh. These were maintained as inbred lines.
Detection of V2
The 158-bp Hind111 fragment within the adult intron of Adh was subcloned from SAC 1 (Goldberg 1980) into the Hind111 site of pUC 18 and was transformed into JM 109 (Yanish-Perron et al. 1985) . This subclone (pHAC1) did not contain V2. TuqI-digested genomic DNA was run on a 2% agarose gel, was Southern blotted, and was probed with the 158-bp Hind111 fragment to detect V2. To detect V2 in the second set of strains, genomic DNA digested with four-base cutters was run on polyacrylamide wedge gels, was electroblotted, and was probed with a purified 2.7-kb Adh fragment, as developed and described by Kreitman and AguadC ( 1986) . Agrotis ( 1990) further describes minor modifications to this technique.
Expression Tests
Extracts of ADH from larvae were made from the set of isogenic lines on two occasions: once on standard semolina-treacle medium ( McKechnie and Geer 1986) and once on defined 1% sucrose medium (Geer et al. 1983 ). On each occasion half the larvae were raised on medium with 3% ethanol, and half were raised without ethanol. Within 4 h of hatching, larvae were transferred to the appropriate medium and were raised at 20°C. Five days after transfer, 20 mid-to-late third-instar larvae from each line were placed in an eppendorf tube; were washed with distilled water; were homogenized in 320 ~1 of 0.0 1 M KP04 buffer ( pH 7.4)) 2 mM ethylenediaminetetraacetate, 0.2 mM dithiothreitol, and 0.07 mM phenylthiourea by an araldite grinder; and were centrifuged for 15 min at 4°C. The supematant was used to estimate levels of both ADH cross-reacting material (CRM) and total protein. Adult males were raised on standard medium without added ethanol, since adult ADH CRM and activity levels are not influenced by dietary ethanol supplied at larval or adult stages (Geer et al. 1988 ) . Duplicate grinds of 20 5-1 O-d-old adult males were made for each line. These were ground in 0.01 M KP04, 2 mM ethylenediaminetetraacetate, and 0.2 mM dithiothreitol and were treated identically to larval extracts.
Extracts were assayed for total protein (Bradford 1976 ) by using bovine serum albumin as a standard and were assayed for ADH enzyme quantity by using radial immunodiffusion with ant&era raised for ADH. The ADH anti-sera was obtained by subcutaneously injecting 0.5 ml of purified ADH mixed with an equal volume of Freund' s adjuvant into New Zealand white rabbits. ADH was purified using a modification of Sofer and Ursprung' s ( 1968 ) technique. Eighteen grams of D. mehnogaster adul .s were homogenized in 0.05 M phosphate buffer (pH 7.5 ), were centrifuged, and were treated with 0.028% protamine sulfate. After centrifugation the supernatant was collected and fractionated with ammonium sulfate to 40% saturation and was run through a Sephadex G-l 50 column. The DEAE passage was omitted. After 6 wk a booster injection was given, and the rabbits were bled 10 d later. Blood was allowed to clot and was centrifuged at 4°C and serum was collected. Each radial immunodiffusion plate, with 2% agarose and ADH antiserum, was loaded with duplicate lots of 6.5 ~1 each of enzyme extract and standard extract (each at two dilutions). A large volume of standard extract was prepared by homogenizing several D. melunoguster lines (both ADH-F and ADH-S ) , centrifuging and freezing the supernatant in aliquots. The plates were incubated at 4°C overnight and were stained for ADH by using 20 ml 0.1 M Tris-HCl (pH 8.5), 10 mg NAD, 10 mg 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 1 ml propan-2-01, and 2 mg phenazine methosulfate. Plates were stained at 30°C for 30 min and were fixed with 5% acetic acid. ADH quantity was determined according to a method described elsewhere (Schmitt et al. 1986 ). Enzyme quantity is reported as standardized CRM (sCRM ), with 1 sCRM unit being the quantity of ADH in the same volume of standard extract expressed per microgram of total protein.
Results
A small insert has been detected within Adh in an Australian population of Drosophila melanogaster. We interpret this insert as being the 37-bp polymorphic 82 that was first reported in strains from three continents in a study where 11 Adh alleles were sequenced for a 2.7-kb region (Kreitman 1983) . Comigration on sequencing gels of the appropriate Adh fragments (from genomic DNA of Australian strains) with the plasmid standards previously sequenced by Kreitman ( 1983) supports this interpretation. It was also supported by the detection of a predicted new MspI site when V2 is present (data not shown). The insert is likely to be the same as that detected by Kreitman and AguadC (1986) , Aquadro et al. (1986, site j) , Aguade (1988, site 9), and Simmons et al. ( 1989, site 11.40) , because of its size and position in the appropriate fragments.
In the Tahbilk sample V2 was only detected in Adh' chromosomes (table 1)) as observed in other studies (table 2). In the overall Tahbilk sample, V2 occurred in 50% of 143 AdhF alleles and in none of 69 AdhS alleles, indicating strong worldwide linkage disequilibrium. Differences in 02 frequencies were observed among continents (table 2 ) . A more comprehensive analysis of variation-and a search for associations across different habitats, geographies, and continents, as has been done for AdhFfS ( Oakeshott et al. 1982 )~may be of value in determining whether V2 frequencies are influenced by local environmental conditions. Twenty-nine of the isogenic lines were examined for the quantity of ADH protein (i.e., sCRM level) in third-instar larvae. The complete larval data set had an unbalanced design due to the unequal number of lines of each genotype, and so a generalized maximum-likelihood model was used. The likelihood-ratio statistic analysis gave a $ value of 2.48, indicating that there were no significant interactions among the fixed effects (medium, ethanol, and genotype). Further, the test for a line effect gave a nonsignificant x: value of 0.56. A full three-way factorial analysis of variance (ANOVA) [Biomedical Data Programs (BMDP) 2V Statistical Software, University of California Press] performed on sCRM indicated highly significant main effects of ethanol, medium, and genotype (table 3) . Three three-way ANOVAs comparing larval ADH levels of the genotypes pairwise indicated highly significant differences between all three genotypes (table 3). In larvae, the ADH-FV2 genotype had significantly higher levels of ADH protein than did either the ADH-F genotype or the ADH-S genotype, and ADH-F without the insert had higher levels than did ADH-S. As expected, ADH sCRM levels were higher in extracts from larvae raised in the presence of ethanol ( McKechnie and Geer 1984) . Levels were also higher in larvae raised on defined medium ( fig. 1) .
A Levenes' test on adult sCRM data indicated no significant differences among the three within-genotype variances. A generalized maximum-likelihood model (BMDP 3V) with a line random effect nested within genotype indicated that both genotype (xf = 2 1.2, P < 0.001) and line (XT = 6.9, P < 0.01) were significant. Three two-sample l-test comparisons (not assuming equal variances) indicated that ADH-S was significantly different than either ADH-FV2 or ADH-F in both cases, P < 0.00 1 ), with no difference being indicated between the two latter genotypes (table 3) . Separate ANOVAs on each of the three genotypes (by using Minitab) indicated that the line effect occurred in the ADH-F genotype ( F,o,l I = 4.82, P < 0.0 1). All of these analyses were repeated with log-transformed data, and there was no indication of a change either in main effects or in their significance levels. V2 has been found in strong linkage disequilibrium with several close polymorphic sites in samples from the United States (Simmons et al. 1989) and Tahbilk ( Agrotis 1990). At Tahbilk, for example, when 176 lines were characterized for variation in the 2.7-kb WI/ CluI region of A&, 29 variable sites were detected (in addition to V2 and the F/S site), and 10 of these were in linkage disequilibrium with V2 (data not shown). We obtained restriction-site-variation data within this A&z region for eight of the AdhF isogenic lines for which ADH sCRM levels were estimated. Among these lines, 19 polymorphic sites were detected, and larval ADH protein levels were assessed for association with these. sites. Within the eight lines, V2 was still significantly associated with larval ADH sCRM levels ( fig. 2 ). In addition, ADH quantity was positively associated with variation at two other sites, both in strong linkage disequilibrium with V2 in the larger samples (Simmons et al. 1989; Agrotis 1990 ). The first positive association was with the presence of a H&II site at position 8 16 (assessed using oneway ANOVA with HaeIII site as a factor, F1,6 = 60.8, P < 0.001; see fig. 2 ). The second association was for V3, a polymorphism for different run lengths of A residues at positions 1698-1708 (Kreitman 1983) , with longer run lengths being positively The eight lines were characterized for the presence or absence of a polymorphic HaeIII site and V2, as indicated by a plus sign (+) or a minus sign (-), respectively. associated with ADH quantity (F 1,6 = 17.0, P < 0.01). Clearly, other polymorphic sites in linkage disequilibrium with V2 (and not detected here) could also provide a causal basis for the observed association in these lines.
Discussion
To assess both spatial geographical variation in V2 frequency and its level of association with AdhF, we compared the Tahbilk data with data from other continents (table 1) . The proportion of Adh F' s containing the insert was not significantly different between the 1983 and 1986-88 Tahbilk samples, although one sample size was small. The observed linkage disequilibrium at Tahbilk provides further evidence of the indicated worldwide association of 02 with AdhF alleles, an association previously seen in both the United States and Spain. Of the combined total of 308 AdhF chromosomes and 400 AdhS chromosomes, 46% and 0.7%, respectively, contained this insert, giving a d value of 0.238, 99. 5% of d,,,,,. Radial immunodiffision analysis on a subset of 29 isogenic second-chromosomesubstitution lines indicated that ADH enzyme levels in larvae were significantly higher in lines carrying AdhF-V2 alleles than in those without the insert. This larval genotype effect appears to be independent either of larval medium or of ethanol supplement to the larval diet, factors which are known to affect ADH quantity in larval stages ( McKechnie and Geer 1984) . This difference was not detected for adult ADH levels, as a result consistent with earlier data that revealed no association between adult ADH enzyme activity and Adh haplotype (including V2) variation ( Aquadro et al. 1986 ) .
Since the isogenic lines were constructed on a common genetic background, variation among the lines that affects expression of ADH most likely occurs on the second chromosome, although variation on the small fourth chromosome was not controlled. The strong linkage disequilibrium in the Adh region makes it difficult to pinpoint a cause of the observed association. V2 (position 55 1) is positively associated with-and physically very close to-another small polymorphic insert, V 1 (position 448). Like V2, Vl has only been found in AdhF alleles (Kreitman 1983; Aquadro et al. 1986; Kreitman and Aguade 1986; AguadC 1988; Agrotis 1990) , and linkage disequilibrium between V 1 and 82 is marked in both Australian and worldwide samples (d = 0.045, 63% of its maximum value). V2 is also in linkage disequilibrium with the Hue111 site at position 8 16 (d = 0.174, 74% of maximum), with V3 at position 1698 (d = 0.065, 56% of maximum), and with other sites, including sites -5 and -7 kb away (Aquadro et al. 1986 ). Only very low frequencies of common second-chromosome inversions have been detected at Tahbilk ) so these are unlikely to be in disequilibrium with V2 and to contribute to this association.
This result, however, is consistent with the idea that the presence of V2 increases transcription and hence ADH protein levels in larvae. Promoter-specific transcriptioninitiating proteins, P1 and Pz, bind to sequences flanking V2 (Heberlein et al. 1985) . Any DNA secondary-structure change that occurs in the presence of V2 may affect binding recognition and hence expression. V 1 could also be a candidate for this effect, since it lies within the P2 binding region. Both the position of V 1 and V2 (close to and 5' of the proximal promoter) and the in vitro effects of the transcription factors that bind in close proximity to the positions of Vl and V2 suggest that they could influence transcription from the proximal promoter. Alternatively, differential stabilities of the insert-containing and non-insert-containing pre-mRNAs from the distal promoter could be involved.
Experimental testing of any effect of V2 requires construction of alleles that differ only by the presence/absence of V2, by their transformation into a null strain, and by expression assays. Recent data of this type suggest that V2 does not have significant effects on larval Adh expression (P. Matthew and S. W. McKechnie, unpublished data), implying that a polymorphic site in linkage disequilibrium with V2 is a factor affecting larval ADH quantity in this study.
If both nucleotide variation at the Adh"" site and a closely linked polymorphic site affect ADH protein level, they probably both influence the same metabolic processes and may affect fitness ( Geer et al. 1988 ) . The variation described here has the potential to provide a valuable experimental system for the study of both natural selection and its effects on genome structuring during microevolutionary adaptation.
